Rationale Many monoamine releasers are abused by humans and produce abuse-related facilitation of intracranial selfstimulation (ICSS) in rats. Facilitation of ICSS in rats can be limited by monoamine releaser-induced serotonin (5-HT) release, but receptors that mediate 5-HT effects of monoamine releasers are unknown. Objectives The aim of this study is to investigate whether 5-HT 2C receptor activation is necessary for rate-decreasing effects produced in an ICSS procedure in rats by the 5-HTselective monoamine releaser fenfluramine and the nonselective releasers napthylisopropylamine (PAL-287) and (+ )-3,4-methylenedioxymethamphetamine ((+)-MDMA). Methods Adult male Sprague-Dawley rats with electrodes implanted in the medial forebrain bundle were trained to lever press for brain stimulation under a Bfrequency-rate^ICSS procedure. Effectiveness of the 5-HT 2C antagonist SB 242, 084 was evaluated to block rate-decreasing effects produced by (1) the 5-HT 2C agonist Ro 60-0175, (2) the 5-HT-selective releaser fenfluramine, and (3) the mixed-action dopamine (DA)/norepinephrine (NE)/5-HT releasers PAL-287 (1.0-5.6 mg/kg) and (+)-MDMA (1.0-3.2 mg/kg). For comparison, effectiveness of SB 242,084 to alter rate-decreasing effects of the kappa-opioid receptor agonist U69,593 and rateincreasing effects of the DA>5-HT releaser amphetamine was also examined. Results SB 242,084 pretreatment blocked rate-decreasing effects of Ro 60-0175 and fenfluramine, but not the ratedecreasing effects of U69,593 or the rate-increasing effects of amphetamine. SB 242,084 blunted the rate-decreasing effects and enhanced expression of rate-increasing effects of PAL-287 and (+)-MDMA. Conclusions These data suggest that 5-HT 2C receptor activation contributes to rate-decreasing effects that are produced by selective and mixed-action 5-HT releasers in rats and that may oppose and limit the expression of abuse-related ICSS facilitation by these compounds.
Introduction
Monoamine releasers are drugs that function as substrates for dopamine (DA), norepinephrine (NE), and serotonin (5-HT) transporters (DAT, NET, and SERT, respectively) and promote release of DA, NE, and 5-HT from synaptic terminals (Parada et al. 1988; Rothman et al. 2001) . Many monoamine releasers, including amphetamine and methylenedioxymethamphetamine (MDMA), are abused drugs that have similar potencies to release DA and NE with varying selectivities to release DA/NE vs. 5-HT (Johnston et al. 2009 ). Previous studies, across a broad range of experimental endpoints, suggest that 5-HT effects of monoamine releasers may oppose and limit DAmediated abuse-related effects (Rothman and Baumann 2006; Wee and Woolverton 2006; Baumann et al. 2011; Bauer et al. 2013) . For example, efficacy of monoamine releasers to maintain drug self-administration is greatest for DA>5-HTselective releasers, lower for mixed-action releasers with similar potencies to release DA and 5-HT, and the 5-HTselective releaser fenfluramine does not maintain selfadministration (Götestam and Andersson 1975; Wee et al. 2005; Woods and Tessel 1974) . Intracranial self-stimulation (ICSS) is another procedure that has been used to assess abuse liability of drugs (Negus and Miller 2014) , and consistent with results from self-administration procedures, DA vs. 5-HT selectivity of monoamine releasers correlates with efficacy to produce abuse-related changes in ICSS (Bauer et al. 2013; Bonano et al. 2015) . Moreover, in both drug self-administration and ICSS procedures, the abuse-related effects of DA>5-HT-selective releasers can be attenuated by a 5-HT-selective releaser (Bauer et al. 2013; Wee and Woolverton 2006) .
The receptor subtype(s) through which 5-HT opposes and limits effects mediated by DA is a topic of current research (for review, Alex and Pehek 2007; Howell and Cunningham 2015) . 5-HT 2C receptors appear especially relevant in modulating monoamine releaser-induced DA activity for the following reasons: (1) Gq-coupled 5-HT 2C receptors are present in relatively high density on GABAergic neurons in the ventral tegmental area, nucleus accumbens, and cingulate cortex (Bubar and Cunningham 2008; Eberle-Wang et al. 1997; Pompeiano et al. 1994) ; (2) activation of 5-HT 2C receptors is sufficient to decrease DA neuronal activity and DA levels in the nucleus accumbens ; and (3) 5-HT 2C agonists decrease cocaineinduced locomotion (Cathala et al. 2014; Fletcher et al. 2004; Grottick et al. 2000) , cocaine self-administration (Manvich et al. 2012a; Grottick et al. 2000) , and both baseline and cocaine-facilitated ICSS (Hayes et al. 2009a; Katsidoni et al. 2011) . Furthermore, 5-HT 2C receptor antagonism (or inverse agonism) increased DA neuronal activity and striatal DA levels (Alex et al. 2005; Di Giovanni et al. 1999) , blocked 5-HT 2C agonist-induced decreases in striatal DA levels , and increased both cocaine-induced facilitation of ICSS in rats (Katsidoni et al. 2011 ) and cocaine-primed reinstatement of cocaine self-administration in squirrel monkeys (Manvich et al. 2012b) . These results support the hypothesis that 5-HT acting at 5-HT 2C receptors can decrease DA signaling and DA-dependent behaviors.
The purpose of the present study was to test the hypothesis that 5-HT 2C receptors mediate the anti-DA effects of selective and mixed-action 5-HT releasers in a rat ICSS procedure. Specifically, rats were trained to lever press for electrical brain stimulation to the medial forebrain bundle under a Bfrequency-rate^procedure, in which brain stimulation frequency is varied during daily sessions to generate a range of baseline ICSS rates (Negus and Miller 2014) . We and others have previously reported that DA>5-HT-selective releasers facilitate low rates of responding maintained by low brain stimulation frequencies, whereas 5-HT-selective releasers decrease high rates of responding maintained by high brain stimulation frequencies, and mixed-action DA/5-HT releasers simultaneously produced both facilitation of low ICSS rates and depression of high ICSS rates (Bauer et al. 2013; Lin, et al. 1997; Olds and Yuwiler 1992; Olds 1995; Bonano et al. 2015) . Our hypothesis predicted that the 5-HT 2C agonist Ro 60-0175 would be sufficient to depress high ICSS rates and that the 5-HT 2C antagonist SB 242,084 would block ICSS rate-decreasing effects of both Ro 60-0175 and the 5-HTselective releaser fenfluramine. Our hypothesis also predicted that SB 242,084 would block 5-HT-mediated rate-decreasing effects of the two mixed-action DA/5-HT releasers, napthylisopropylamine (PAL-287) and (+)-MDMA (Bauer et al. 2013) , and thereby disinhibit DA-mediated facilitation of ICSS produced by these compounds. Effects of SB 242,084 on ICSS depression produced by the kappa-opioid receptor agonist U69,593 and ICSS facilitation produced by amphetamine were also evaluated as controls.
Materials and methods

Subjects
Twenty-six adult male Sprague-Dawley rats (Harlan, Frederick, MD, USA) were used. All rats had ad libitum food and water access in their home cage and were housed individually on a 12-h light-dark cycle (lights on from 6 a.m. to 6 p.m.) in a facility accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. Rats weighed between 298 and 514 g at surgery time. Animal maintenance accorded with The National Institutes of Health guidelines on care and use of animal subjects in research (National Research Council 2011) . Experimental protocols were approved by the Virginia Commonwealth University Institutional Animal Care and Use Committee.
Assay of intracranial self-stimulation
Surgery Surgical and behavioral procedures were similar to those described in our previous studies of monoamine releasers to permit direct comparison with those previous studies (Bauer et al. 2013; Bonano et al. 2015; Negus and Miller 2014) . Subjects were anesthetized with 2.5 % isoflurane gas until unresponsive to toe-pinch, and the cathode (0.25 mm diameter, insulated except at tip) of a stainless steel electrode was stereotaxically implanted into the left medial forebrain bundle at the level of the lateral hypothalamus (2.8 mm posterior to Bregma, 1.7 mm lateral to the midsaggital line, and 8.8 mm ventral to the skull in a horizontal orientation; Paxinos and Watson 1998) . Three screws were placed in the skull, and the anode (0.125 mm diameter, uninsulated) was secured to one of the screws to act as a ground. Dental acrylic secured the electrode to the skull, and 5 mg/kg ketoprofen was administered immediately and 24 h after surgery for postoperative analgesia. Animals were allowed 5 days to recover before initiation of training.
Apparatus Operant conditioning chambers consisted of sound-attenuating boxes containing modular acrylic and metal test chambers (29.2×30.5×24.1 cm). Each chamber had a response lever (4.5 cm wide, 2.0 cm deep, 3.0 cm off the floor), three stimulus lights (red, yellow, and green) centered 7.6 cm above the response lever, a 2-W house light, and an ICSS stimulator (Med Associates, St. Albans, VT, USA). Bipolar cables routed through a swivel commutator connected the stimulator to the electrode (Model SL2C, Plastics One, Roanoke, VA, USA). Med-PC IV computer software controlled all programming parameters and data collection (Med Associates, St. Albans, VT, USA).
Training The house light was illuminated during behavioral sessions, and lever pressing under a fixed-ratio 1 (FR1) schedule of reinforcement produced delivery of a 0.5-s train of square-wave cathodal pulses (0.1 ms/pulse) at a frequency of 2.2 log Hz. During brain stimulation, stimulus lights over the lever were illuminated and responding had no scheduled consequences. Stimulation intensity was then individually manipulated for each rat to identify an intensity that maintained a rate of reinforcement greater than 30 stimulations/min. Once an appropriate intensity was identified, frequency manipulations were introduced during sessions consisting of three consecutive 10-min components, and each component consisted of ten 60-s trials. The stimulation frequency was 2.2 log Hz for the first trial of each component, and frequency decreased in 0.05 log unit steps during the subsequent nine trials to a final frequency of 1.75 log Hz. Each trial began with a 10-s timeout period, during which responding had no scheduled consequences, and 5 non-contingent stimulations at the designated frequency were delivered at 1-s intervals during the last 5 s of the time-out. During the remaining 50-s of each trial, responding was reinforced under an FR1 schedule and produced both electrical brain stimulation and stimulus light illumination. Training continued until frequency-rate curves were not statistically different over three consecutive training days as indicated by lack of a significant effect of Bday^in a twoway analysis of variance (ANOVA) with frequency and day as the two variables (see data analysis). Training was completed within 5 weeks of surgery.
Testing For dose-effect studies, test sessions consisted of three consecutive Bbaseline^components followed by a 25-min time-out period and then by three consecutive Btest^com-ponents. A single drug dose was administered during the timeout and 20 min before the test components. For experiments during which vehicle or SB 242,084 was administered as a pretreatment, the pretreatment injection was given 5 min prior to the injection of the test compound (i.e., immediately after the baseline components).
Testing was conducted in three phases. First, the 5-HT 2C agonist Ro 60-0175 (0.32-3.2 mg/kg) was examined alone to determine whether 5-HT 2C activation was sufficient to depress ICSS, and the 5-HT 2C antagonist SB 242,084 (0.032-1.0 mg/kg) was examined as a pretreatment to vehicle or 3.2 mg/kg Ro 60-0175 to evaluate 5-HT 2C antagonist potency. Second, effects of vehicle or SB 242,084 (1.0 mg/kg) pretreatment were examined on depression of ICSS by the 5-HTselective releaser fenfluramine (3.2 mg/kg), depression of ICSS by the kappa-opioid receptor agonist U69,593 (0.56 mg/kg), and facilitation of ICSS by the DA>5-HTselective releaser amphetamine (0.32 mg/kg). The 1.0 mg/kg dose of SB 242,084 was selected for these antagonism studies because this dose fully blocked effects of 3.2 mg/kg R0 60-0175 while having no significant effects on ICSS when administered alone. Lastly, effects of vehicle or 1.0 mg/kg SB 242,084 pretreatment were examined on effects produced by the non-selective DA/5-HT releasers PAL-287 (1.0-5.6 mg/kg) and (+)-MDMA (1.0 and 3.2 mg/kg), both of which produced mixed profiles of both ICSS rate-increasing and rate-decreasing effects in a previous study (Bauer et al. 2013) . Test drug doses were based on results from previous studies (Negus et al. 2010; Bauer et al. 2013) , and higher doses of SB 242,084 were not examined due to limits in drug solubility. Each test drug was evaluated in a group of five to nine rats. Other than those used to test Ro 60-0175 alone, all subjects were used to evaluate more than one test drug. All experiments with a given test drug±SB 242,084 were completed before experiments with another test drug were initiated. The orders of both test drug and test drug doses were counterbalanced across rats. Experimental group sizes are reported in the figure legends. Test sessions were usually conducted on Tuesdays and Fridays, and three-component baseline training sessions without injections were conducted on all other weekdays.
Data analysis The primary dependent measure was the reinforcement rate in stimulations/trial. Raw reinforcement rates were normalized to the maximum control rate (MCR) for each subject on each day, where MCR was defined as the mean of the maximal rates observed during the second and third Bbaseline^components for that day. Therefore, %MCR was equal to [(response rate during a frequency trial)/(maximum control rate)]×100. Data for each frequency were averaged across test components for each rat and then across rats to yield a Bfrequency-rate^curve for each experimental manipulation. Two-way repeated measures ANOVAs were used to compare frequency-rate curves, with brain stimulation frequency and drug treatment as the two factors. A Holm-Sidak post hoc test followed all significant ANOVAs, and p values less than 0.05 were considered significant. As a second summary measure of ICSS, the average number of stimulations per component delivered across all frequencies was determined before and after drug administration on each day, and drug effects were expressed as the % baseline number of stimulations per component for that day. All statistical analyses were conducted with GraphPad Prism 6.0 for Mac OSX (GraphPad Software, La Jolla, CA).
Drugs
(+)-Amphetamine hemisulfate and (±)-fenfluramine HCl were purchased from Sigma Chemical Co. (St. Louis, MO). SB 242,084 and Ro 60-0175 were purchased from Tocris (Bristol, UK). 1-(2-Naphthyl)propan-2-amine (PAL-287) and (+)-methylenedioxymethamphetamine ((+)-MDMA) were synthesized as the HCl salts by Dr. Bruce Blough (Research Triangle Park, NC). Amphetamine, fenfluramine, PAL-287, and (+)-MDMA were prepared in sterile saline. Ro 60-0175 was prepared in 4 % dimethyl sulfoxide in saline. SB 242,084 was prepared in 20 % polyethylene glycol in saline. All compounds were administered intraperitoneally (I.P.). Doses are expressed in terms of the salt forms above.
Results
Under baseline conditions or after vehicle treatment, electrical brain stimulation maintained a frequency-dependent increase in ICSS rates (e.g., Fig. 1a , open circles). The mean±SEM MCR for these studies was 62.1±1.69 stimulations per trial. The mean±SEM number of total stimulations earned during baseline components was 317.0 ± 16.0 stimulations per component. Figure 1 shows that the 5-HT 2C agonist Ro 60-0175 produced a dose-dependent downward shift of the ICSS frequency-rate curve (panel a) and a corresponding decrease in the percent baseline number of total reinforcers per component (panel b). Two-way ANOVA of data in panel a indicated significant main effects of frequency [F(9,27) = 32.36, p<0.0001] and dose [F(3,9)=12.88, p=0.0013] and a significant interaction [F(27,81)= 4.665, p <0.0001]. The ratedecreasing effects of 3.2 mg/kg Ro 60-0175 were dosedependently blocked by the 5-HT 2C antagonist SB 242,084, with doses of 0.32 and 1.0 mg/kg SB 242,084 producing a significant blockade of the rate-decreasing effects produced by 3.2 mg/kg Ro 60-0175 (panels c, d). The highest SB 242, 084 dose (1 mg/kg) tested did not significantly alter ICSS when administered alone. Figure 1c shows frequency-rate curves for selected treatments, and two-way ANOVA for all treatments indicated significant main effects of frequency [F(9,36)=87.34, p<0.0001] and treatment [F(6,24)=9.421, p<0.0001] and a significant interaction [F(54,216)=2.159, p<0.0001] . Figure 2 shows that 1.0 mg/kg SB 242,084 also blocked fenfluramine-induced depression of ICSS (panel a). Moreover, the combination of SB 242,084+fenfluramine increased ICSS at one frequency (1.9 log Hz). In contrast, SB 242,084 did not significantly alter either ICSS depression produced by the kappa-opioid agonist U69,593 (panel b) or facilitation of ICSS produced by amphetamine (panel c). Two-way ANOVA indicated a significant interaction between frequency and treatment in each panel as follows: (a) F(18, 90)=1.845, p=0.0314, (b) F(18,72)=1.783, p=0.0445, (c) F(18,72)= 2.957, p=0.0006. Panel d shows summary data for panels ac in terms of the percent baseline number of total reinforcers delivered across all brain stimulation frequencies. Figure 3 shows effects of pretreatment with 1.0 mg/kg SB 242,084 on changes in ICSS produced by various doses of the mixed-action DA/5-HT releaser PAL-287 (1.0-5.6 mg/kg). All PAL-287 doses facilitated low rates of ICSS maintained by low brain stimulation frequencies (1.75-1.9 log Hz), and PAL-287 also produced a dose-dependent decrease in high rates of ICSS maintained by high brain stimulation frequencies (1.95-2.2 log Hz) (panels a-c). Pretreatment with SB 242,084 attenuated the rate-decreasing effects and augmented the rate-increasing effects of PAL-287. This effect was clearest when SB 242,084 was administered as a pretreatment to 5.6 mg/kg PAL-287 (panel c); however, SB 242,084 did not completely block rate-decreasing effects of 5.6 mg/kg PAL-287. Two-way ANOVA indicated a significant interaction between frequency and treatment in each panel as follows: (a) F(18,144) = 2.952, p = 0.0002, (b) F(18,144) = 14.02, p<0.0001, and (c) F(18,144)=19.30, p<0.0001. Panel d shows summary data for panels a-c in terms of the percent baseline number of total reinforcers delivered across all brain stimulation frequencies. Figure 4 shows a similar profile of effects produced by pretreatment with 1.0 mg/kg SB 242,084 on changes in ICSS produced by various doses of the mixed-action DA/5-HT releaser (+)-MDMA (1.0-3.2 mg/kg). All (+)-MDMA doses facilitated low rates of ICSS maintained by at least two low frequencies of brain stimulation between 1.75 and 1.9 log Hz, and (+)-MDMA also produced a dose-dependent decrease in high rates of ICSS maintained by high brain stimulation frequencies (1.95-2.2 log Hz) (panels a-c). Pretreatment with SB 242,084 attenuated the rate-decreasing effects and augmented the rate-increasing effects of (+)-MDMA. This effect was clearest when SB 242,084 was administered as a pretreatment to 3.2 mg/kg (+)-MDMA (panel c); however, SB 242,084 did not completely block the ratedecreasing effects of 3. 
Discussion
This study tested the hypothesis that 5-HT 2C receptors were necessary for monoamine releaser-induced rate-decreasing effects in ICSS. There were three main findings. First, 5-HT 2C activation with Ro 60-0175 was sufficient to produce ratedecreasing effects, suggesting that 5-HT 2C receptors might also contribute to rate-decreasing effects of released 5-HT. Second, the rate-decreasing effects produced by a 5-HTselective releaser (fenfluramine) were fully antagonized by SB 242,084, suggesting that 5-HT 2C receptor activation is necessary for expression of rate-decreasing effects by this 5-HT-selective monoamine releaser. Third, antagonism of the 5-HT 2C receptor significantly attenuated the rate-decreasing effects and increased expression of rate-increasing effects produced by the mixed-action DA/5-HT releasers PAL-287 and (+)-MDMA; however, SB 242,084 failed to completely block rate-decreasing effects of either compound. Taken together, these data suggest that 5-HT 2C receptors at least partially mediate the rate-decreasing effects produced by selective or mixed-action 5-HT releasers, and blockade of these receptors may increase expression of abuse-related rate-increasing effects by these compounds.
In the current study, administration of a 5-HT 2C receptor agonist (Ro 60-0175) produced a dose-dependent decrease in Fig. 1 Effects of the 5-HT 2C agonist Ro 60-0175 and antagonist SB 242,084. Left panels (a, c) show drug effects on full ICSS frequencyrate curves. Abscissae: Frequency of electrical brain stimulation in log Hz. Ordinates: Percent maximum control reinforcement rate (%MCR). Filled points show frequencies at which ICSS rates after drug treatment were statistically different from vehicle rates as determined by a two-way ANOVA followed by a Holm-Sidak post hoc test, p<0.05. Right panels (b, d) show summary ICSS data expressed as percent pre-drug baseline number of reinforcers per component delivered across all frequencies of brain stimulation. Abscissae: Drug dose in mg/kg. Ordinates: Percent predrug baseline number of reinforcers per component. Downward arrows indicate significant drug-induced decreases in ICSS relative to vehicle for at least one brain stimulation frequency as determined by analysis of full frequency-rate curves in panels a and c. All data show mean±SEM for five rats unless otherwise noted; statistical analysis was run for only four animals in panel a because the fifth animal lost its electrode before completion of the highest dose ICSS, and this effect was blocked by pretreatment with a dose of SB 242,084 that had no effect alone. Although Ro 60-0175 has not been previously tested in ICSS, a different 5-HT 2C agonist (WAY-161503) also produced dose-dependent decreases in ICSS in rats (Hayes et al. 2009a; Katsidoni et al. 2011) , and in agreement with the current study, the ratedecreasing effects of WAY-161503 were blocked by pretreatment with a dose of SB 242,084 that was inactive alone (0.5 mg/kg) (Katsidoni et al. 2011) . In addition to decreasing ICSS, WAY-161503 has also been shown to produce conditioned place aversion (Mosher et al. 2006 ) and decreases in locomotion (Hayes et al. 2009b ). Moreover, 5-HT 2C receptor agonists have been shown to decrease facilitation of ICSS by cocaine (Katsidoni et al. 2011) , decrease responding for cocaine, nicotine, and food in assays of self-administration (Fletcher et al. 2004; Higgins et al. 2012; Grottick et al. 2000; Manvich et al. 2012a) , and decrease the locomotoractivating effects of cocaine and nicotine (Cathala et al. 2014; Fletcher et al. 2004; Grottick et al. 2000; Hayes et al. 2009b) . These results are also consistent with evidence to suggest that 5-HT 2C receptors activate ventral tegmental area GABA neurons that inhibit activity of, and DA release from, mesolimbic DA neurons (Alex and Pehek 2007) . Taken together, these data support the proposition that activation of 5-HT 2C receptors can attenuate activity of the mesolimbic DA system and oppose abuse-related effects of drugs that activate the mesolimbic DA system.
A corollary of this proposition is that antagonists at 5-HT 2C receptors may block endogenous serotonergic tone at these receptors and thereby disinhibit mesolimbic DA neurons. In support of this idea, 5-HT 2C antagonists including SB 242,084 have been shown to increase firing rates of DA neurons and produce modest but significant (~200 %) increases in DA levels in rat striatum and squirrel monkey nucleus accumbens Fig. 2 Effects of the 5-HT 2C antagonist SB 242,084 on effects produced by fenfluramine, U69,593, and amphetamine. Panels (a-c) show drug effects on full ICSS frequency-rate curves. Abscissae: Frequency of electrical brain stimulation in log Hz. Ordinates: Percent maximum control reinforcement rate (%MCR). Filled points show frequencies at which ICSS rates after drug treatments were statistically different from vehicle+vehicle, and asterisks represent frequencies at which ICSS rates after SB 242,084+test drug were statistically different from rates after vehicle+test drug, as determined by a two-way ANOVA followed by a HolmSidak post hoc test, p < 0.05. Panel d shows summary ICSS data expressed as percent pre-drug baseline number of reinforcers per component delivered across all frequencies of brain stimulation. Abscissa: Test drug treatment with dose in mg/kg. Ordinate: Percent pre-drug baseline number of reinforcers per component. Upward arrows indicate significant SB 242,084-induced increases in ICSS relative to test drug alone for at least one brain stimulation frequency as determined by analysis of full frequency-rate curves. All data show mean ± SEM for six rats (fenfluramine) or five rats (U69,593, amphetamine) (but not squirrel monkey caudate) (Alex et al. 2005; Di Giovanni et al. 1999; Manvich et al. 2012b) . Moreover, in squirrel monkeys, SB 242,084 also increased rates of responding maintained under a fixed-interval schedule of stimulus termination, increased cocaine-primed reinstatement of cocaine self-administration, and maintained selfadministration when it was substituted for cocaine (Manvich et al. 2012b ). Many drugs that increase nucleus accumbens DA levels and maintain drug self-administration also facilitate ICSS (Negus and Miller 2014) , and in the present study, administration of 1.0 mg/kg SB 242,084 increased mean rates of ICSS at several frequencies. However, this effect did not achieve statistical significance, and although the lack of a significant effect here may have been related to the relatively small group size (N=5), SB 242,084 also failed to facilitate ICSS in rats in a previous study (Katsidoni et al. 2011) . Moreover, SB 242,084 also failed to produce a significant increase in locomotor activity in rats (Grottick et al. 2000) .
These findings suggest that rats may be less sensitive than squirrel monkeys to stimulant-like effects of SB 242,084.
The major goal of the present study was to assess a potential role for 5-HT 2C receptors in mediation of the ICSS ratedecreasing effects produced by selective and mixed-action 5-HT releasers. Previous studies using ICSS procedures have suggested that 5-HT release can decrease high rates of ICSS and oppose abuse-related facilitation of ICSS mediated by DA release (Bauer et al. 2013; Bonano et al. 2015; see Negus and Miller 2014 for review) . Specifically, although DA>5-HTselective monoamine releasers (e.g., amphetamine, methcathinone) produce dose-dependent and robust facilitation of ICSS across a broad range of doses, 5-HT-selective releasers (e.g., fenfluramine; 4-trifluromethyl methcathinone) produce only decreases in ICSS. Mixed-action DA/5HT releasers (e.g., PAL-287, (+)-MDMA) produce a mixed profile of effects that includes both facilitation of low ICSS rates maintained by low brain stimulation frequencies and Fig. 3 Effects of the 5-HT 2C antagonist SB 242,084 on effects produced by the mixed-action DA/5-HT releaser PAL-287. Panels (a-c) show effects on full ICSS frequency-rate curves. Abscissae: Frequency of electrical brain stimulation in log Hz. Ordinates: Percent maximum control reinforcement rate (%MCR). Filled points show frequencies at which ICSS rates after drug treatments were statistically different from vehicle+vehicle, and asterisks represent frequencies at which ICSS rates after SB 242,084+PAL-287 were statistically different from rates after vehicle+PAL-287, as determined by a two-way ANOVA followed by a Holm-Sidak post hoc test, p<0.05. Panel d shows summary ICSS data expressed as percent pre-drug baseline number of reinforcers per component delivered across all frequencies of brain stimulation. Abscissa: PAL-287 dose in mg/kg. Ordinate: Percent pre-drug baseline number of reinforcers per component. Upward arrows indicate significant SB 242,084-induced increases in ICSS relative to PAL-287 alone for at least one brain stimulation frequency as determined by analysis of full frequency-rate curves. All data show mean±SEM for nine rats decreases in high ICSS rates maintained by high brain stimulation frequencies. The present results with fenfluramine, PAL-287, and (+)-MDMA administered alone are consistent with these previous findings. Moreover, complete antagonism by SB 242,084 of the rate-decreasing effects of fenfluramine suggests that 5-HT 2C receptors play a major role in mediating rate-decreasing effects of this selective 5-HT releaser. The failure of SB 242,084 to significantly alter ICSS when administered alone, to block rate-decreasing effects of U69,593, or to enhance the rate-increasing effects of amphetamine further suggests that SB 242,084 effects on fenfluramine do not result from non-selective ICSS facilitating effects of SB 242,084. Of particular note, the failure of SB 242,084 to alter amphetamine-induced ICSS facilitation contrasts with a previous report that SB 242,084 enhanced ICSS facilitation produced by cocaine (Katsidoni et al. 2011 ). This distinction is consistent with the dependence of dopaminergic effects by monoamine uptake inhibitors like cocaine on rates of dopamine neuronal activity, which are increased by 5-HT 2C
antagonists (Di Giovanni et al. 1999) , whereas effects of monoamine releasers like amphetamine are less dependent on neuronal activity (Sulzer 2011) . SB 242,084 pretreatment also attenuated the ICSS ratedecreasing effects produced by the mixed-action DA/5HT releasers PAL-287 and (+)-MDMA, suggesting that 5-HT acting at 5-HT 2C receptors also contributes to the rate-decreasing effects of these compounds. However, SB 242,084 failed to completely block the rate-decreasing effects of either compound. There are at least two possible explanations for this finding. First, it is possible that high doses of PAL-287 and (+ )-MDMA produced sufficiently high levels of 5-HT release to overcome antagonism of 5-HT 2C receptors by 1.0 mg/kg SB 242,084. Potentially consistent with this possibility, in vivo microdialysis studies found that I.V. administration of 1.0 mg/kg racemic MDMA produced large increases in extracellular nucleus accumbens 5-HT levels to more than 800 % of control (Baumann et al. 2012 ), and we have obtained similar results after I.P. administration of 3.2 mg/kg (±)-MDMA (Bonano JS, Blough BE, Banks ML, Negus SS, unpublished results) . However, arguing against this possibility, 1.0 mg/kg SB 242,084 completely blocked rate-decreasing effects of the highest dose of the 5-HT 2C agonist Ro 60-0175 (3.2 mg/kg), and rate-decreasing effects of Ro 60-0175 were as large or larger than the those produced by high doses of PAL-287 and (+)-MDMA. A second possibility is that PAL-287 and (+)-MDMA produce rate-decreasing effects via mechanisms other than 5-HT activation of 5-HT 2C receptors. These mechanisms could include actions at either other 5-HT receptors or non-5-HT receptors. For example, in addition to functioning as monoamine releaser, (±)-MDMA binds with lower but still detectable potency to 5-HT 2B and adrendergic α 2 receptors (Battaglia and De Souza 1989; Setola et al. 2003) . Future studies will be required to determine whether these or other targets might also contribute to rate-decreasing effects of (+)-MDMA, PAL-287, or other monoamine releasers.
Conclusion
In conclusion, the present results are consistent with the hypothesis that drug-induced release of 5-HT, acting at least in part through 5-HT 2C receptors, can oppose and limit other effects of monoamine releasers that contribute to reward, reinforcement, and drug abuse. One implication of this hypothesis is that reduction of 5-HT 2C -mediated effects might disinhibit and enhance expression of DA-mediated effects. Consistent with this hypothesis, SB 242,084 not only attenuated the rate-decreasing effects of fenfluramine, PAL-287, and (+)-MDMA but also increased expression of ICSS facilitation by these compounds. Indeed, after SB 242,084 pretreatment, even fenfluramine produced a small but significant facilitation of ICSS. In agreement with the present results using a selective 5-HT 2C antagonist, the non-selective 5-HT receptor antagonist methysergide also blocked rate-decreasing effects and enhanced expression of rate-increasing effects produced by (±)-MDMA in rats (Lin et al. 1997) . Similarly, administration of the 5-HT neurotoxin 5,7-DHT to rats reduced brain levels of 5-HT and increased the percentage of rats that acquired MDMA self-administration (Bradbury et al. 2014) . A related implication of these results is that vulnerability to abuse of mixed-action monoamine releasers like MDMA may be influenced by individual differences in components of 5-HT signaling, such as density or coupling efficiency of 5-HT 2C receptors. Specifically, reductions in signaling via 5-HT 2C receptors may be associated with increased vulnerability to abuse of mixed-action monoamine releasers.
